Abstract: Pullulan is an industrial biopolymer produced by the yeast-like fungus Alireobasidium, usually by direct fermentation of starch. Despite evidence that autogenous amylases produced during these fermentations are detrimental to the final molecular mass of the product, fundamental studies of these enzymes have not been reported. Total extracellular amylases were studied from the promising production strain NRRL Y-12,974. Growth rates and yields were equivalent in cultures grown on glucose, maltose, soluble starch, or cornstarch. Total amylase levels were low and varied only three-fold, from 0.01 IU ml-I in glucose-grown cultures to 0.03 IU ml-I in soluble-starch-grown cultures. All cultures showed both a-amylase activity and activity against pullulan.
Introduction
Pullulan is a unique industrial biopolymer, a linear glucan of a-1,6-linked maltotriose subunits, which can be produced by direct fermentation of starch by the yeast-like fungus Aureobasidium [1] [2] [3] [4] . This regular alternation of 0'-1, 4 and 0'-1,6 bonds imparts distinctive properties of structural flexibility and enhanced solubility. Pullulan consequently exhibits film-and fiber-forming characteristics that mimic those of certain synthetic polymers derived from petroleum. For example, pullulan can form films that are oxygen-impermeable but water-soluble; insolubility can be introduced by controlled derivatization [1] . Nylon-like fibers and polystyrene-like moldings can be formed of pullulan [1] . New chemical derivatives of pullulan, such as cyanoethylated pullulan, 'have stimulated renewed interest in the polymer for high-technology applications [4] .
Although maltotriose subunits within pullulan are resistant to a-amylases, pullulan can contain up to 6% randomly distributed maltotetrose subunits, which are substrates for a-amylases [5, 6] . A 218 relationship between pullulan molecular mass and amylase levels in starch-grown cultures has been reported [7] . An improved understanding of amylases from Aureobasidium could contribute to strategies to enhance the molecular mass of pullulan produced by the organism, which would be desirable for commercial production of this biopolymer.
Materials and Methods

Organism
Strain NRRL Y-12,974 was isolated as a 'color variant' of Aureobasidiwn, a member of a lightly pigmented subgroup (possibly a novel species) of Aureobasidium pullulans [8] . Certain color variant isolates, including NRRL Y-12,974, have been shown to produce authentic pullulan in good yields and without the melanin contamination often produced by typically pigmented strains [9] [10] [11] .
Growth medium and cultivation
A basal medium was used that was previously described [9] , consisting of 0.67% yeast nitrogen base (Difco Laboratories, Detroit, MI), 0.2% asparagine, and 0.5% KH 2 P0 4 . Carbon sources were added to 2.0% (wIv). Cultures (50 m!) were grown in 250-ml Erlenmeyer flasks, shaken at 200 rpm at 28°C for 9 days. Culture growth was followed by optical density at 660 nm, with the exception of early cornstarch cultures, which were monitored by direct microscopic counts. All growth results reported are the means of triplicate cultures and are characteristic of repeated experiments. In previous studies, we determined that amylase activity from several Aureobasidiwn strains, including NRRL 12,974, was extracellular [7] . Although other enzymes such as glucosidases may be partially or largely intracellular, only extracellular enzymes (that might interact with secreted pullulan) were considered in this study. Culture supernatants, clarified by centrifugation, were consequently assayed for enzyme activities.
Enzyme and protein assays
Total amylase activity was estimated by reducing sugar assay as previously described, using gelatinized 0.5% (wIv) cornstarch (Sigma Chemical Co., St. Louis, MO) in 50 mM sodium acetate (pH 5.0) as substrate [7] . Total amylase activity is reported in international units (}.Lmol glucose equivalents released per min) per ml enzyme. Activity against pullulan was similarly estimated. The activity of a-amylase was estimated by an assay similar to that of Linardi and Machado [12] , with one unit defined as the activity that lowered the total amount of iodine binding starch by the equivalent of 1 mg of cornstarch per min per ml enzyme. Activities against synthetic oligosaccharide substrates (p-nitrophenyl a-D-glucopyranoside, p-nitrophenyl a-D-maltoside, p-nitrophenyl a-D-maltopentaoside, and p-nitrophenyl a-Dmaltoheptaoside, all from Sigma Chemical Co.) were estimated by release of p-nitrophenol as previously described, and were reported in international units [13] . All enzyme values reported are the means of triplicate cultures and are characteristic of repeated experiments. Extracellular protein was estimated by the Bradford method [14] .
Determination of pullulan yields
Pullulan yields were determined by precipitation of extracellular polysaccharides from 9-day culture supernatants using tetrahydrofuran followed by digestion with pullulanase as previously described [9] .
Results and Discussion
Growth and pullulan yields on starch and sugars
The time course of growth by Aureobasidium strain NRRL Y-12,974 cultured for 9 days on glucose, maltose, soluble starch or cornstarch is illustrated in Fig. 1A (standard error bars are plotted but are largely indistinguishable). Cultures grew exponentially on all substrates for approximately 2 days before entering a stable stationary phase. Strain NRRL Y-12,974 grew equally well on all substrates, including cornstarch, suggesting that at no time enzymes were limiting for the complete hydrolysis of substrates.
Pullulan yields were determined for cultures grown on the following substrates: glucose, 7.8 ± Fig. IB (standard error  bars are plotted) . Protein production was similar among all cultures, and approximately proportional to total amylase activities. The slight increase in extracellular protein levels after 150 h may be the result of some degree of cell autolysis.
The time course of amylase production is presented in Fig. Ie . Amylase production was similar among all cultures, varying over a range of only about three-fold. Highest amylase yields (about 0.03 IU mil) were produced by soluble starch-grown cultures. Glucose-and maltosegrown cultures produced only slightly less amylase than cornstarch-grown cultures, suggesting that activity was essentially constitutive. (Xylosegrown cultures, which do not produce pullulan, showed growth and amylase yields similar to those of glucose-grown cultures.) For all cultures, amylase levels rose during exponential growth and reached maxima during early stationary phase, between 75 and 100 h. Amylase appeared to be fairly stable in stationary cultures, although some loss of activity, particularly in cornstarch-grown cultures, was observed after 9 days. The modest levels of amylase observed from strain NRRL [15] .
Substrate specificity of amylases
Total extracellular amylases from cultures at exponential-phase (37 h) were compared for specific activities towards cornstarch, pullulan, and synthetic oligosaccharide substrates (Table 1 ; means and standard deviations presented). The specific activities of total amylase from starchgrown cultures were about twice as high as those from cultures grown on glucose or maltose. Table  1 indicates that all cultures included a-amylase as a fairly constant component of total amylase. Because total amylase and a-amylase units are not comparable, these data do not predict the percentage of total activity attributable to aamylase. In a survey of A. pullulans strains not characterized with respect to pullulan production, Lindari and Machado found that all isolates produced both a-amylases and glucoamylases [12] . As shown in Table 1 , all cultures also exhibited significant activity against pullulan. Partial hydrolysis of pullulan is presumably related to the attack of maltotetrose subunits by a-amylases [5, 6] . Amylases may have differing affinities for pullulan; human salivary a-amylase exhibited lower relative activity against pullulan than amylases from Aureobasidiwn [7] . Cornstarch-grown cultures appeared to have somewhat higher activity against pullulan (Table 1 ).
All cultures showed measurable a-glucosidase activity (against p-nitrophenyl a-D-glucopyranoside). As might be predicted, highest a-glucosidase was found in maltose-grown cultures (Table 1) . Soluble-starch cultures had about half as much activity. All cultures showed diminished activity on oligosaccharides of increasing chain length (up to p-nitrophenyl a-D-maltoheptaoside), suggesting that a-glucosidases may be responsible for these activities ( Table l) .
At the stationary-phase time point of 98 h, most enzyme-specific activities were 1.5-2-fold higher than those in exponential phase cultures (Table 2 ). Notable exceptions were activities against pullulan in maltose-and glucose-grown cultures, which were elevated by 5-and 10-fold, respectively. Since these increases were not paralleled by either total amylase or a-amylase activities, results raise the interesting possibility that a novel enzyme was produced in these cultures.
Overall, these results are consistent with a model in which total amylases from strain NRRL Y-12,974, including a-amylases, are constitutively produced. Some level of substrate induction is indicated for a-glucosidases. Since amylases are believed to be responsible for the deterioration of pullulan molecular mass, it should be possible to isolate amylase-deficient mutants of Aureobasidhan that produce superior quality pullulan from mono-or disaccharide substrates. To date, however, we have been unable to isolate such mutants (unpublished results), possibly due to the existence of multiple amylase genes in the organ- ism, or perhaps due to the ploidy (as yet uncharacterized) of this genetically imperfect fungus. In the long run, it would be desirable to genetically alter amylases in Aureobasidiwn, to reduce their substrate affinity for pullulan [16] .
